Sow longevity has a major effect on profi tability in commercial breeding herds 15) . The longer a sow remains in a herd, the greater the opportunity to recuperate the initial cost of a replacement gilt and increase lifetime net income per sow 21) . Some studies in the U.S.A. have reported that net income per parity or over a sow's lifetime in farrow-to-wean operations increases as the number of parity increases 12, 17, 18, 22) , but few studies have reported economic returns per parity or sow combined with reproductive and growth performance in farrow-to-fi nish herds. Additionally, large country-to-country variation in production values, market prices, feed cost, and other expenses means that each country, including Japan, needs to determine its own fi nancial assumptions and standards in order to assess economic returns for commercial herds.
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Sensitivity analysis can investigate the effect on net incomes of changes in value of one parameter while the rest of the variables in the analysis remain constant 4) . Feed price and the market price for growing pigs are major factors infl uencing the lifetime net income of sows. In the recent years, feed prices have increased due to escalating prices of corn 5) . The feed prices are directly related to the costs for marketed pigs. Furthermore, relatively small changes in market price can impact the profi tability of any investment in replacement gilts 22) . Feed conversion ratio 7) and number of pigs weaned are performance factors controlled by producers and are considered to increase lifetime net income of sows. The objective of the present study was to evaluate the number of parities that a sow must remain in the herd for economic returns over the lifetime of sows (lifetime net income) becomes positive in typical farrow-to-fi nish operations in Japan. A further objective was to use sensitivity analysis to determine how any changes in feed price, the price for marketed pigs, feed conversion ratio, or the number of pigs weaned would infl uence economic returns in Japanese commercial swine herds.
The economic models for lifetime net income by parity were constructed using reproductive data and economic assumptions.
The production values, market prices, feed costs, and other expenses are shown in Tables 1, 2 , and 3. All values and prices referred to in the present study are in U.S. dollars, with an assumed exchange rate of one U.S. dollar to 100 Japanese yen. The variables used for the economic analysis were obtained from various sources including PigCHAMP database, previous studies, and personal communications from multiple producer groups in Japan (Personal communications). The details of the calculation of each variable were as follows
Reproduction data
Reproductive data, including number of pigs born alive, gestation length, lactation length, weaning-to-conception interval, and weaning-to-culling interval, were obtained from the records of 53,996 sows born between 2001 and 2004 in 101 Japanese com- -8 2  8 7  9 2  9 2  9 2  9 0  8 7  8 3  Number of days  Gestation length, day  -115 3  115 3  115 3  115 3  115 3  115 3  115 4  115 3  Lactation length, day  -21 0  21 1  21 1  21 1  21 2  21 1  21 3  21 6  Weaning-to-conception interval, day  -14 1  10 7  9 7  9 3  8 6  7 9  7 7  7 8  Weaning-to-removal interval, day  -62 9  64 2  60 4  57 3  49 4  32 2  19 1  14 9  Sow weight at culling, kg  140 0 155 0 175 0 190 0 205 0 215 0 215 0 215 0 215 0 1 Weaned pigs were calculated as the number of pigs born alive multiplied by (1-preweaning mortality). The value of preweaning mortality (10.7%) was obtained from a previous report 10 . 2 Marketed pigs were calculated as the number of pigs weaned multiplied by (1-postweaning pig mortality). The value of postweaning mortality (5.0%) was obtained from a previous report 24 . 1 One U.S. dollar was assumed to be equivalent to 100 Japanese yen. 2 Weight gain and feed conversion ratio (FCR) were obtained from a previous report 6 . Average FCR for growing pigs was 3.05. 3 Total cost in the lactation stage was calculated as feed price multiplied by 1 kg feed intake during lactation. Feed price and feed intake in the lactation stage were obtained from producers' groups. Total costs in the weaner, grower, and fi nisher stages were calculated by multiplying the weight gain during each stage by feed price and FCR. mercial herds that used PigCHAMP recording software (Pig-CHAMP Inc., Ames, IA, U.S.A.). Females in the studied herds were mainly crossbreds between Landrace and Large White, which were reproduced within the herd, or gilt replacements purchased from international breeding companies.
The values of number of pigs and number of days at each stage of production, and sow weight (wt.) at culling are shown in Table  1 . The numbers of pigs weaned and marketed pigs were calculated by the following equations Number of pigs weaned Number of pigs born alive (1 Preweaning mortality), and Number of marketed pigs Number of pigs weaned
(1 Postweaning pig mortality). The preweaning mortality value of 10.7% and the postweaning pig mortality value of 5.0% were obtained from previous reports 10, 24) . Sow weight at culling in each parity was also obtained from a previous report 6) .
Prices for marketed pigs and culled sows
The price for a marketed pig was calculated as follows Price for a marketed pig Marketed Wt. Dressing % Price/Carcass Wt. The average price of a marketed pig was calculated as $344.8 based on an average Marketed Wt. of 116.6 kg 24) ; Dressing % of 64% 25) ; and Price/Carcass Wt. of $4.62/kg 14) . The price for a culled sow was calculated separately for each parity as follows Price for a culled sow Sow Wt. Dressing % Price/Carcass Wt., where Sow Wt. was the sow weight at culling in each parity (Table 1) 6) ; Dressing % was 60% for salvaged sows (Personal communications); and Price/Carcass Wt. was $1.95/kg for a salvaged sow carcass 14) .
Feed costs for growing pigs and sows
Feed prices for growing pigs and sows at each stage of production were obtained from multiple producer groups (Tables 2 and  3 ). The feed prices were calculated by assuming that the average feed price in a herd was $0.40/kg. Average feed intake for sows and nursing piglets was also obtained from multiple producer groups.
The feed cost for a growing pig was estimated by summing the feed costs at each stage of pig life such as lactation, weaner, grower, and fi nisher. The feed cost at each stage was determined by Feed costs at each stage Feed price Feed intake at each stage. The feed price at each stage used in the calculation is shown in Table 2 . The feed intake for a piglet during lactation (1 kg/piglet) was obtained from multiple producer groups, and the feed intake during weaner, grower, and fi nisher stages was calculated by the following formula Feed intake at each stage Weight gain Feed conversion ratio at each stage, based on the weight gain and the feed conversion ratio at each stage shown in Table 2 6)
. The total feed cost for a growing pig used in the present study was calculated as the sum of the feed costs for each growth stage, giving a total cost of $131.50.
The feed cost for a sow was estimated by summing the feed costs at three production stages, namely gestation, lactation, and postweaning stages. The feed cost at each stage was calculated by 1 One U.S. dollar was assumed to be equivalent to 100 Japanese yen. 2 Marketed weight was obtained from a previous report 24 . 3 Dressing percentage for marketed pig was obtained from a previous report 25 . 4 Marketed pig carcass price and salvaged sow carcass price was obtained from Japanese government statistics 14 .
the following equation Feed costs at each stage Feed cost per day the number of days at each stage. The daily feed cost ($/day) was calculated as feed price ($/kg) multiplied by daily feed intake (kg/day). The feed prices and daily feed intake during gestation, lactation, and postweaning are shown in Table 3 , and gave respective daily feed costs of $0.88/ day, $2.64/day, and $1.17/day. In addition, the number of days at each stage differs between parities (Table 1) , so the total feed costs for sows vary with parity.
Facility costs and other expenses
Facility costs were determined based on facility costs assumed for running a typical Japanese herd model with a 100-sow farrowto-fi nish operation. The investment required for a 100-sow farrow-to-fi nish operation was obtained from multiple producer groups. The annual facility costs included annual depreciation, annual interest payment, and annual maintenance cost. The annual depreciation was calculated by dividing the value of the facility ($871,000) by the expected life of the facility (10 years). The interest portions for a fi xed payment were calculated using the PMT function in Microsoft Offi ce Excel 2007 (Microsoft Corporation, U.S.A.). The analysis assumed that the producer had 50% equity in the swine facilities, debt was fi nanced at a 2% annual interest rate, and was assumed to be paid off in 10 years. Annual maintenance costs were defi ned as 3% of the facility value. Thus, the annual depreciation, interest payment, and maintenance costs were $87,100, $48,482, and $26,130, respectively. In order to apply those costs to the calculation of lifetime net income, the annual costs for 100 sows were converted to the cost per litter by dividing by the average 230 litters that were produced by 100 sows per year. This gave depreciation, interest payment, and maintenance costs per litter were $378.7, $210.8, and $113.6, respectively.
The other expenses such as breeding costs, veterinary treatment and vaccines, transportation and slaughter fees, utility costs, labor costs, and gilt costs were obtained from multiple producer groups (Table 3) . Veterinary treatment and vaccines, transportation and slaughter fees, utility costs, and labor costs were multiplied by the number of pigs weaned in each parity.
Economic analysis
On the basis of the reproductive data and economic assumptions, lifetime net income was calculated by parity using the following equation
Lifetime net income Accumulated net income +Price for culled sows in parity. The accumulated net income was calculated as follows Accumulated net income Gilt + P 1 + P 2 + + P N , where Gilt was the cost of replacement gilts; and P 1 , P 2 , P N were the net income per litter for each parity. These equations for lifetime net income were built by modifying a formula for net present analysis used in a previous study 22) . The net income per litter for each parity was estimated as follows
The
gilts ($180.0; 30% of the replacement gilt cost) from the replacement gilts cost ($600.0), and dividing by the average parity at culling (4.0). The other costs included facilities, breeding, veterinary treatment and vaccines, transportation and slaughter fees, utility, and labor. Lifetime net income of sows was calculated by parity 8 because only a small proportion of herds had sows culled at parity 9 or greater. Feed cost per litter for each parity from weaning-to-culling is shown in Table 4 .
Sensitivity analysis
Sensitivity analysis was performed to investigate how changes in the feed price, the price for marketed pigs, the feed conversion ratio, or the number of pigs weaned would infl uence economic returns if all other variables remained constant. In addition we analyzed how changes in feed price and any one of the other three variables affected economic returns. The sensitivity analysis was performed to obtain lifetime net income depending on parity. The ranges of feed and marketed pig prices used for the analyses were based on the ranges observed-over the three years from 2007 to 2009 14) . Similarly, the ranges of feed conversion ratios and the number of pigs weaned were determined based on the range of those variables in the data for the 101 herds used in this study.
Lifetime net income per sow, including revenue and costs in each litter, are shown in Table 4 . Lifetime net income in female pigs culled at parity 0 was $-436.2. The lifetime net income increased from $-272.8 to $1,944.9 as the culling parity increased from 1 to 8, with positive lifetime net income values being reached at parity 2. Respective litter revenues and costs from parity 1 to 8 ranged between $2,838.1 and $3,189.2 and between $2,598.6 and $2,892.3, respectively. The net income per litter increased from $145.8 in parity 1 to a peak of $390.2 in parity 5, but then fell again $368.7 by parity 8. However, lifetime net income per parity was highest in parity 8 with a value of $243.1. Table 5 shows sensitivity analyses of changes in lifetime net income when feed price, price for marketed pigs, feed conversion ratio, or number of pigs weaned varies. When the feed price increased from the base price of $0.40/kg to $0.50/kg, the lifetime net income was negative in all parity groups. However, when the feed price only increased from $0.40/kg to $0.45/kg, the lifetime net income was negative up to parity 4. In addition, the lifetime net income in all parity groups was negative if the price for marketed pigs declined to $4.25/kg, but if the marketed price increased to $4.75/kg then lifetime net income was positive from parity 2. One extra weaned pigs per litter made lifetime net income positive in all parities, and a decrease in the feed conversion ratio also increased lifetime net income. Sensitivity analyses on how changes in marketed pig prices, feed conversion ratio, or number of pigs weaned affected lifetime net income when average feed prices were $0.35/kg or $0.45/kg are shown in Figures 1, 2 , and 3. Lifetime net incomes in parity 2 and 5 were chosen as representative values to show the relationships between feed price and respectively, marketed pig price (Figure 1) , the feed conversion ratio (Figure 2 ), or the number of pigs weaned (Figure 3) . If the feed price was $0.35/kg, the lifetime net income in parity 2 and 5 became positive when the market price was over $4.38/kg and $4.06/kg, respectively. If the feed price was $0.45/kg, a positive lifetime net income in parity 2 and 5 was obtained when the market price was over $4.91/kg and $4.59/kg, respectively. If the feed price was $0.35/kg then lifetime net income in parity 2 was positive regardless of feed conversion ratio. Similarly, when the feed price was $0.35/kg, the break even value in parity 2 for the number of pigs weaned was 5 Revenue/litter -Total cost in each parity 6 -Replacement gilt cost + Net income in each litter 7 Accumulated net income in each parity + sow salvaged price in culled parity 8 Feed price for weaned sows ($1.17/day) x Weaning-to-removal interval (day) -Feed price for weaned sows ($1.17/day) x Weaning-to-conception interval (day) Values enclosed in parentheses represent negative net income. -0.4 additional pigs. However, when the feed price was $0.45/kg, lifetime net income in parity 2 only became positive with an additional 0.6 pigs weaned, and remained negative regardless of feed conversion ratio. In parity 5 the break even value for feed conversion ratio and the number of pigs weaned was 3.10 and 0.1 additional pigs, respectively. This is the fi rst report to assess the lifetime economic returns of sows using fi nancial assumptions and standards in Japanese commercial herds. The present study showed that increased net income can be obtained if sows remain in the herd for an extended number of parity. Increased gilt costs due to a high replacement rate incur a burden of debt on the herd, and also requires an additional parity to obtain a positive net income 22) . Producers should focus their herd management on extending the productive herd life of their female pigs, whilst maintaining other breeding parameters 21) . However, it is noteworthy that the decision on how long to remain a sow in the herd is affected by other important factors, such as the present reproductive status of the sow, current parity, previous performance of the sow, producers' desired within-herd age structure 9) , or the market value for culled sows. For
example, an open sow exhibiting no estrus or failing pregnancy is more likely to be culled. Furthermore, a high proportion of highparity sows in the herd results in unstable age structure, which is related to low herd productivity 9) . Additionally, high-parity sows are at high risk of dying, or producing piglets with uneven weights 16, 19) . The present study provides a management tool to evaluate lifetime net income per parity when producers make a decision to cull in breeding herds.
Our economic evaluation suggests that positive lifetime net income of sows can be obtained from the third parity. Our evaluation is consistent with the studies showing positive income was obtained from parity 2 17) or parity 3 12, 21, 22) , although there are large differences in reproductive performance and fi nancial assumptions between countries 23) . In fact, Japanese commercial herds incur higher costs, but realize a higher market price for pigs than herds in U.S.A. 14, 18) . Our sensitivity analysis indicates that it is impossible to obtain positive lifetime net income even in high parity if feed prices are greater than $0.50/kg, unless the price for marketed pigs increases to over $4.62/kg. The negative effect of increased feed cost can be reduced by improving the feed conversion ratio, which can increase lifetime net income to a certain degree. Improving the feed conversion ratio can be achieved by avoidance of overcrowding of pigs 2) , providing easily accessible drinking water fi xtures, unlimited water supply, and feeder maintenance 3) . The present study reveals that an additional weaned pig can increase lifetime net income by about 2.1 times in each parity. Therefore, it is crucial for producers to increase the number of weaned pigs and marketed pigs by improving preweaning and postweaning mortality. In order to decrease postweaning pig mortality, it is important to prevent or control infectious diseases such as porcine reproductive and respiratory syndrome or porcine circovirus 1, 13) . In addition, assisted farrowing by administrating PGF 2 can reduce preweaning mortality 8) , although it incurs increased labor costs due to time requirements. Further, increased numbers of marketed pigs can be achieved by increasing litter weight at weaning through intermittent suckling, milk replacer, and creep feed for piglets 11, 24) . It is important to interpret the maximum net income in parity 8 in the present study with some caution, because our economic assumptions do not include the opportunity cost of postponed replacement, which would refl ect the profi t sacrifi ced by keeping a sow 20) . Therefore, the maximum lifetime net income in parity 8 does not represent optimal parity of sow replacement for the longterm profi tability of a farm.
In conclusion, increased sow longevity results in increased lifetime net income of sows in commercial herds. High feed prices for growing pigs and sows are strongly related to a decline in lifetime net income of sows. However, increasing the number of pigs weaned or decreasing the feed conversion ratio, both of which producers can achieve with improved management, would offset this effect of increased feed price on lifetime net income of sows. 
